In this work we use molecular dynamics simulations to study the diffusion of N,N-dimethylformamide (DMF) and H 2 O as a function of temperature within the well-known metal-organic framework respectively. This molecular diffusion can be easily detected by dielectric spectroscopy as it gives rise to extrinsic interfacial polarization effects that result in an apparent ''colossal'' dielectric constant at room temperature, e r 0 B 42 000 (T = 300 K, n = 10 Hz). Furthermore, the measured dielectric constant exhibits a thermal dependence similar to that of the diffusion coefficient, revealing the parallelism of the dielectric response and the molecular diffusion as a function of temperature. These results highlight: (a) the great utility of the fast and non-destructive dielectric and impedance spectroscopy techniques for the study and detection of the molecular transport of small polar molecules within porous metal-organic frameworks and related materials; (b) the peculiarity and uniqueness of MOF materials with ''medium'' size nanopores containing guest molecules as they are solid materials in which the guest molecules display a liquid state-like behaviour close to room temperature; and (c) the potential of these materials for molecular transport applications.
Introduction
Metal-Organic Frameworks (MOFs), which are built up from inorganic cations connected to polydentate organic molecules, have attracted immense attention during the last two decades, due to the possibility of obtaining a large variety of interesting structures that are of great interest for applications in a number of fields related to porous materials. These include the more traditional areas of storage, separation, and catalysis, 1,2 as well as novel environmental applications, such as thermally-driven adsorption heat pumps; 3 or biomedical applications, such as synthetic ion channel design, molecular recognition and drug delivery. 4 These characteristics, combined with their low production cost, make MOFs the target of many studies, focusing mostly on their adsorption properties. MOFs are also receiving increasing attention for displaying a wide range of interesting functional properties, 5, 6 including dielectric 7, 8 and even multiferroic properties. [9] [10] [11] Almost all these properties, and thus their potential applications, depend highly on the interaction between the framework and the guest molecules, as well as on the diffusion of the latter through the pores of the structure; aspects that are currently far from being completely understood. In this context, great efforts have been devoted to elucidate the diffusion process of small molecules (typically gas molecules) in the pores of MOFs using experimental monitoring techniques and ab initio simulations. [12] [13] [14] [15] [16] Nevertheless, there are still very few studies about the diffusion process of guest liquid-solvent molecules in these materials. [17] [18] [19] [20] [21] In this work, we show the potential of the non-destructive dielectric and impedance spectroscopy (IS) techniques for the detection of the self-diffusion of polar species within porous materials as this gives rise to extrinsic interfacial polarization effects that result in an apparent ''colossal'' dielectric constant at room temperature. For this purpose, we present the study we have made, combining dielectric and impedance spectroscopy together with molecular dynamics (MD) simulations on a porous MOF containing several small guest molecules. To avoid non reproducible effects, and to ensure that the compound is stable toward the loss of the included molecules, we have chosen a compound that displays ''medium'' size nanopores (that is, cavities that are sufficiently large to allow the presence of several guest species with a considerable degree of freedom, but small enough to prevent their easy loss at room temperature).
The selected compound has been a co-member of the wellknown family of MOF-74 compounds (also known as 22 As it has been described, the structure of these porous compounds consists of 1D inorganic rods linked by dobdc ligands to form hexagonal channels, 22 where several guest molecules are located inside the resulting cavities. Due to such a hexagonal porous structure with 1D channels, whose aperture is around 14 Å, 23 several studies have been published in recent years reporting not only the gas adsorption [24] [25] [26] but also the selectivity 27, 28 and molecular separation of gas species. 29 In the particular case of the here studied Co-MOF-74 compound of formula Co 2 (dobdc)Á[G] (G = DMF and H 2 O), this crystalline compound displays a hexagonal symmetry, space group R% 3, and it exhibits ''medium'' size nanopores of 15.2 Å aperture. 30 der Waals interactions were evaluated for a cutoff of 1.2 nm, whereas Coulombic forces were dealt with using the particlemesh Ewald method. 34 The cross terms for Lennard-Jones potential were calculated using Lorentz-Berthelot mixing rules. All simulations were carried out using RASPA simulation software. 35 For each simulation, we executed 10 8 steps of production run with an integration step of 5 fs, giving a total simulation time of 50 ns. Co-MOF-74 was modelled as a rigid structure with an effective potential in each atom. The simulation box was chosen to have dimensions a Â b Â 4c, with the aim of having unit cell lengths of at least 24 Å. The cell volume was kept fixed during the simulations, in view of the negligible variation of the volume as the loading changes, as indicated in the previous section. The structure contains 72 DMF molecules and 36 H 2 O molecules randomly placed inside its pores. The simulation box was replicated by applying periodic boundary conditions in all directions.
Lennard-Jones parameters for the framework were taken from the DREIDING 36 forcefield, except for Co atoms, which were taken from the UFF 37 forcefield. These non-polarisable forcefields have been extensively used in the literature to study MOFs with open metal sites, and they provide good agreement for the temperatures and pressures in the range we are studying. 38 We used the Generalized Amber force field (GAFF) 39 for DMF and the Tip5pEw 40 model for water. This model is parameterized for use with the Ewald summation method. Point charges for the framework atoms were calculated with first principles calculations and they are shown in Fig. S1 of ESI. † To do that, we firstly minimized the experimental structure, using the Vienna Ab-initio Simulation Package (VASP), [41] [42] [43] [44] with the generalized gradient approximation (GGA) and the PerdewBurke-Ernzerhof functional revised for solids, PBEsol. 45 The cutoff was set to 420 eV. During relaxation, forces on each atom were minimized until they were all less than 0.01 eV Å À1 .
Spin-polarized calculations were performed, with a spin moment of the Co atoms of 1. The most stable spin configuration was obtained when the simulation cell of 18 Co atoms has an antiferromagnetic distribution, with a total spin moment of 0. The charges were then obtained using the Repeating Electrostatic Potential Extracted Atomic method (REPEAT), developed by Campañá et al.
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Self-diffusion coefficients of adsorbate molecules were obtained from the MD trajectories, through the slope of the mean-squared displacement (MSD) in the diffusive regime (see Fig. S2 of ESI †) using Einstein's relation:
Synthesis of the samples
The Co-MOF-74 sample was synthesized as polycrystalline powder according to the procedure described in the literature. 47 In a typical experiment, 3.12 mmol cobalt(II) acetate tetrahydrate Co(C 2 H 3 O 2 ) 2 Á4H 2 O (Aldrich, 98%) was dissolved in 20 mL of N,N-dimethylformamide (DMF) and 1.2 mmol of 2,5-dihydroxyterephthalic acid (Aldrich, 98%) was dissolved in 20 mL of DMF. The resulting solutions were mixed and stirred for three days. The obtained precipitate was isolated by centrifugation at 5000 rpm for 15 minutes, and the mother liquor was discarded. The remaining product was washed thoroughly five times with 20 mL of DMF, isolated by centrifugation and dried at room temperature.
In addition, a portion of this material was evacuated under vacuum for 8 hours to intentionally eliminate the guest molecules obtaining another sample, hereafter labelled as Co-MOF-74(ev).
Both samples were finally stored in a desiccator to ensure the removal of any solvent molecules that could have remained adsorbed on the surface of the corresponding powders.
2.3. Characterization of the samples 2.3.1. Elemental analysis. Elemental analyses for C, N, and H were carried out using a FLASHEA1112 (Thermo-Finnigan) Analyzer. The theoretical results calculated for Co-MOF-74 are: C = 35.31%, H = 3.81%, and N = 5.88%; while those experimentally found are: C = 35.44%, H = 3.84%, and N = 5.62%. In the case of Co-MOF-74(ev), the theoretical results calculated are: C = 32.86%, H = 1.65%, and N = 1.5%; and those experimentally found are: C = 32.42%, H = 1.43%, and N = 1.98%.
2.3.2. X-ray powder diffraction. The samples were characterized by X-ray powder diffraction (XRPD) in a Siemens D-5000 diffractometer at room temperature in the 2y range of 10-451, using CuKa radiation (l = 1.5418 Å). Le Bail profile analyses of the obtained experimental patterns were carried out using the Rietica software. 48 According to the XRPD pattern, the obtained Co-MOF-74 sample is single phase, and the structural data obtained from the Le Bail refinement are in good agreement with those reported in the literature (see Fig. S3 of ESI †). 30 2.3.3. Thermal studies. Thermogravimetric analyses (TGA) were carried out in TGA-DTA Thermal Analysis SDT2960 equipment. For these experiments, approximately 25 mg of the MOF-74 sample were heated from 300 to 1023 K at a rate of 5 K min
À1
, using corundum crucibles under a flow of dry nitrogen. TGA results (see Fig. S4 of ESI †) reveal that this compound starts to lose weight above room temperature (T 4 300 K), process that can be attributed to the removal of guest (DMF and H 2 O) from the cavities.
2.3.4. Infrared spectroscopy. Infrared spectra were recorded at room temperature using the FT-IR spectrometer Bruker VECTOR over the wavenumber range 400-4000 cm This last result implies that in Co-MOF-74(ev) most of the guest molecules have been eliminated from the pores. Nevertheless, some DMF remains present, as is also detected by IR spectroscopy.
2.3.5. Dielectric spectroscopy. The complex dielectric permittivity (e r = e r 0 À ie r 00 ) of the obtained samples was measured as a function of frequency and temperature with a parallel-plate capacitor coupled to a Solartron 1260A Impedance/Gain-Phase Analyzer, capable of measuring in the frequency range from 10 mHz to 32 MHz. The capacitor was mounted in a Janis SVT200T cryostat refrigerated with liquid nitrogen and with a Lakeshore 332 incorporated to control the temperature from 100 K up to 350 K.
In all cases, pellets made out of well-dried samples with an area of approximately 300 mm 2 and a thickness of approximately 0.6 mm were prepared to fit into the capacitor. Silver paste was painted on their surfaces to ensure a good electrical contact with the electrodes. Dielectric measurements were carried out in a nitrogen atmosphere, where several cycles of vacuum and nitrogen gas were performed to ensure that the sample environment was free of water.
The impedance analysis software SMART (Solartron Analytical) was used for data acquisition and processing. Impedance complex plane plots were analysed using the LEVM program, a particular program for complex nonlinear least-squares fitting. 49 while above 200 K the mobility of DMF and H 2 O is already noticeable. The inset of Fig. 1 evidences the difference between the diffusion magnitude at the lowest (T = 100 K) and the highest (T = 400 K) temperature, which is 3 orders of magnitude for the DMF and 4 orders of magnitude for H 2 O.
Results

Molecular dynamics simulations
The exponential behaviour of diffusion shown in Fig. 1 could be fitted using the Arrhenius law (eqn (2)), which relates the diffusion coefficients to the temperature and the activation energy of the process:
where D s is the self-diffusion coefficient, A is a constant, E A is the activation energy and k B T is the product of the Boltzmann constant and the temperature. Fig. 2 shows the Arrhenius plot for both guest molecules. From the slope of the representation we calculated the activation energy of the process, obtaining 7.8 kJ mol À1 for DMF and 12.0 kJ mol À1 for H 2 O. This indicates that the diffusion of DMF starts at slightly lower temperatures than the diffusion of H 2 O. However, the diffusion of this last molecule increases faster than the diffusion of DMF when rising the temperature. In addition to transport phenomena, we analysed the spatial distribution of the guest molecules inside the MOF cavities. In this context, we found that DMF fills most of the available space and is homogenously distributed inside the channels of Co-MOF-74. This is probably due to the size and amount of DMF molecules present. On the other hand, water molecules show two preferred sites to locate. A few molecules are located surrounding the Co atoms of the MOF with different probabilities, depending on temperature, while the rest of them are dissolved inside the DMF network. To shed light on this effect, we computed the distance between the oxygen atoms of water and the cobalt atoms of Co-MOF-74 (distance Co MOF -O H 2 O ). The minimum distances obtained are close to 2.63 Å. This is in agreement with the DFT calculations reported by Li et al. 17 for
Zn-MOF-74, which gives us further confidence on the validity of our forcefield to model these systems. Fig. S6A of ESI † shows the probability to have water molecules surrounding Co atoms at distances lower than 4 Å. We observe that the increase of temperature leads to lower probability of finding water molecules surrounding the open metal sites of Co-MOF-74. Fig. S6B of ESI † shows the percentage of water molecules with probability 470% that are located near the Co atoms as a function of temperature. At low temperatures, about 40% of the molecules of water exhibit high probability to be located close to the metal atoms of Co-MOF-74. This percentage decreases up to an almost negligible value above 200 K, since the diffusion coefficient of guest molecules becomes noticeable at these temperatures. Fig. 3 shows the temperature dependence of the real part of the complex dielectric permittivity, e r 0 , (the so-called dielectric constant) of the pressed pellets of the polycrystalline sample of Co-MOF-74.
Dielectric behaviour
As it can be seen, at low temperature the value of the dielectric constant is about 4 and does not depend on frequency. Meanwhile, close to room temperature the dielectric constant goes through a broad and pronounced maximum, reaching values that can be considered ''colossal'' (e r 0 4 1000): 50 for example e r 0 B 42 000 at T = 300 K and n = 10 Hz. At the same temperature, the loss tangent curves also go through a maximum, see Fig. 3 . It should also be noted that for T 4 200 K the dielectric constant displays strong frequency dependence.
Finally, for T 4 300 K, temperature at which according to TGA solvent molecules start to be released, the dielectric If we now compare the behaviour of Co-MOF-74 with that of Co-MOF-74(ev), from which the number of guest molecules has been drastically reduced, we can see that the broad peak observed close to room temperature has disappeared in Co-MOF-74(ev), see Fig. 4 . In fact, the dielectric constant of the latter sample is very low at room temperature (e r 0 B7 for n = 100 Hz) and almost temperature and frequency independent. To deepen further in the dielectric behaviour displayed by these two samples, we have carried out impedance spectroscopy studies as a function of frequency and temperature.
As is well-known, this technique is a very powerful tool to unravel the dielectric response of materials 51 and to avoid misinterpreting results such as apparent hysteresis loops displayed by electrically inhomogeneous samples. (Fig. 5B) . As it can be seen, in the lower temperature interval the corresponding impedance complex plane plot shows a single large arc (Fig. 5A) . Meanwhile, in the higher temperature interval an additional second small arc appears in the low frequency range (Fig. 5B) .
The large arc can be modelled by an equivalent circuit containing three elements connected in parallel: a resistance (R) and a capacitance that are frequency independent, together with a frequency-dependent distributed element (DE). As this large arc intercepts zero for T r 200 K and the order of magnitude of its capacitance is pF cm À1 , it seems to be associated with the material bulk-response. 54 The intrinsic dielectric constant, calculated from the obtained capacitance value, is around 4. Taking into account that this is the only contribution present for T r 200 K, the observed dielectric response is purely intrinsic in this low temperature interval. The second arc observed for T 4 200 K can be modelled as a single RC connected in series with the circuit that describes the bulk arc. The capacitance of such a low frequency arc is about mF cm
À1
, typical of extrinsic contributions such as electrode effects, blocking electrodes, etc. This means that in the higher temperature interval, including room temperature, the dielectric response of Co-MOF-74 contains both intrinsic and extrinsic contributions.
Another interesting remark is that the Co-MOF-74 sample is insulating at low temperatures (T r 200 K, s B 10
while for T 4 200 K this material shows a certain conductivity (s B 10
These results, together with the very large values of the dielectric constant measured for Co-MOF-74 at T 4 200 K, reveal the activation of interfacial polarization effects in this compound close to room temperature. 51 On the other hand, in the case of Co-MOF-74(ev), the impedance complex plane plots show a single large arc that intercepts zero in the whole temperature range studied (from 100 K to 350 K), see Fig. S7 of ESI, † and the sample remains insulating up to 350 K. These results indicate that, differently from Co-MOF-74, the dielectric response of the Co-MOF-74(ev) sample is purely intrinsic.
Discussion
We have theoretically studied the diffusion process of liquidsolvent guest molecules (DMF and H 2 O) inside the channels of Co-MOF-74 using MD simulations. This material displays 1D hexagonal ''medium'' size pores with an aperture of 15.2 Å, where the solvent molecules are located. The MD simulations of Co-MOF-74 reveal that the self-diffusion coefficient of guest molecules increases exponentially with temperature, as shown in Fig. 1 . This diffusion is almost negligible for both molecules at the lowest temperature, while above 200 K the mobility of the molecules begins to be noticeable. Above 120 K, the diffusion of water starts to be higher than the diffusion of DMF, although the increase with temperature of water diffusion is faster than that of DMF, due to the higher activation energy of the former (see Fig. 2 ). For temperatures below 200 K, the molecules of water exhibit high probability to be located close to the metal atoms of Co-MOF-74, meanwhile above 200 K the interaction between water molecules and the metal sites of the framework starts to decrease significantly (see Fig. S6 of ESI †). Additionally, we have studied the dielectric properties of this material. Out of the obtained results, we highlight three aspects: ( With all this information, we attribute the intrinsic dielectric response of this Co-MOF-74 to the presence of dipolar guest molecules inside the pores and their concomitant orientational polarizability. The latter will be small at low temperatures, when the guest molecules are frozen in specific positions with very low thermal motion, as shown by the MD simulations. Nevertheless, their degree of freedom will markedly increase with temperature, as revealed by MD, resulting in a higher polarizability close to room temperature.
As for the origin of the extrinsic effects, which magnify the intrinsic response and give rise to a ''colossal'' dielectric constant, our explanation is the following: we relate it to the fact that the porous structure allows the self-diffusion of the guest molecules located in the channels, processes that, as indicated by MD, start to be noticeable above 200 K. We suggest that the diffusion of such guest molecules leads to the presence of an electrical double layer (EDL) between the bulk material and the electrodes responsible for the dielectric extrinsic contribution, which is the one dominating the observed dielectric response. This behaviour is similar to that observed in biological materials, 55 ionic conductors 56 or the liquid state. In fact, the guest molecules display a behaviour typical of liquids, even if they are inside a solid framework.
In that regard, it is very interesting to note the high correlation between the thermal evolution of the diffusion coefficients of H 2 O and DMF in Co-MOF-74 and the measured dielectric constant up to 300 K (temperature above which the guest molecules start to be released according to TGA). As shown in Fig. 6 , both show an exponential increase with temperature.
Once the guest molecules, DMF and H 2 O, are eliminated (for example in the evacuated sample, Co-MOF-74(ev), or when they are released above room temperature), the EDL disappears, the dielectric constant drastically decreases and the dielectric response becomes purely intrinsic. Thus, these latter findings reinforce that the origin of the ''colossal'' dielectric response for the Co-MOF-74 compound is due to the diffusion of the polar guest molecules through the channels of the porous structure and the presence of an almost liquid-like state throughout the framework pores, which can be readily polarized in the presence of an electric field.
As for the strong dependence displayed by the dielectric response of Co-MOF-74 on the frequency of the applied voltage (dielectric relaxation), it is due to the response of the guest molecules to the oscillating applied ac voltage. At low frequencies, these molecules can follow these oscillating voltage and the dielectric constant values are large. Meanwhile, at high frequencies the guest molecules cannot follow the oscillating voltage and the value of the dielectric constant decreases.
Finally, it is interesting to note that the dielectric response observed for Co-MOF-74 is similar to that shown by the related family of porous compounds M 2 (bdc) 2 . These compounds also show ''colossal'' dielectric constants at room temperature (e r B 5000 at 300 K and n = 100 Hz), 8 that have been attributed to the activation of extrinsic effects above T 4 260 K related to the long-range migration of the guest species inside the channels.
Conclusions
In conclusion, the here shown results highlight the great utility of the fast and non-destructive dielectric and impedance spectroscopy techniques for the study of molecular transport of small polar molecules within porous metal-organic frameworks and related materials. Moreover, they show that MOF materials with ''medium'' size nanopores containing small guest molecules are unique and peculiar solid materials, where two different components coexist: a framework, with the characteristics of a solid, and the guest molecules located inside cavities of this framework, which display a liquid-like state behaviour close to room temperature. Furthermore, these results evince the huge potential of MOFs containing ''medium'' size nanopores for molecular transport applications, for example for drug delivery, where the drugs can be solvated by the liquid component and can also diffuse beyond framework limits within the physiological temperature range.
